Worsening highway congestion is a challenge to mega-regional competitiveness; and changing regional geographies and development location decisions, among other factors, demand that public policy responses go beyond traditional demand management approaches. Congestion pricing has been suggested as a remedy.
Introduction

1
The right scale for transportation planning has been a subject of considerable analysis. However, extending the notion of VOT using travel demand models to include trip purpose has 12 the potential to enrich VOT based analysis. It can also add a more explicit spatial component to 13 the analysis thus allowing us to test pricing approaches at large scales. This is what we do in this 14 paper. Specifically, we ask 1) whether congestion pricing determination can be improved using 15 an enhanced Value-of-Time determination approach that accounts for both income and trip-16 purpose of the commuters, 2) how mega-regional pricing approaches using congestion pricing We use the Capital Megaregion to demonstrate the value of our approach. We define this systems connectivity, especially at the watershed level.
5
We proceed as follows. In the next section, we discuss the practices and research on how 6 value-of-time is incorporated in travel behavior models and what that tells us about congestion 7 pricing and issues of scale. In the following section, we establish our framework to develop and 8 analyze mega-regional scenarios. This process involves the use of multi-level transportation 9 models that are sensitive to congestion pricing and variations in future travel demand. Next, we 10 generate estimates of VOT using different approaches viz. income only, income and trip purpose,
11
and income and trip purpose and variable travel demand; using an example problem on a small 12 network, we demonstrate the value of using trip-purpose in VOT estimation. In the following 13 section, we present the results of applying this approach on our case study: the Capital Mega-14 region. We conclude with specific implications for mega-regional decision-making.
16
Literature Review
17
In this section, we look at the literature on approaches used for analyzing commuter and 18 non-commuter travel behavior using differential VOT, further cross-classified by income and trip 19 purpose. We then look at their limitations to establish a foundation for our work. Finally we draw 20 evidence from existing research on how these approaches can aid mega-regional decision- Occupancy Toll (HOT)‖ lanes. In this scheme, a set of express lanes on an otherwise free and 4 congested road offers high-quality service to people who are willing to pay a time-varying toll 5 and/or who ride in carpools. These projects provide an opportunity to study some behavioral 6 parameters that are central to the evaluation of transportation projects. The most important is the 7 VOT, i.e. the marginal rate of substitution of travel time for money, which measures willingness 8 to pay for reductions in the day-to-day variability of travel times facing a particular type of trip 9 (Kenneth A. Small and Yan 2001) . A commuter traveling between any origin and destination 10 points can pay higher tolls to save on travel time, or use alternative routes and/or modes to avoid 11 tolls but travel for a longer time. In theory, the right toll can reduce peak hour congestion; thus, 12 travelers who highly value time and who want to travel at peak periods can shift to toll roads.
13
The relationship between toll, and travel time can raise a fundamental question regarding the 14 travelers' willingness to pay so as to save travel time, i.e., commuters' value of travel time.
15
The concept of VOT and travel behavior has been researched extensively. In the early 16 applications of 1960, the notion of value of time was used to develop the theory of time 17 allocation and in practice to estimate, say, the time savings in cost-benefit analysis of highway 18 investment decisions (Warner 1962 , Lisco 1968 and Haney 1967 . With advances in theory,
19
particularly random utility theory, and methodologies, especially discreet choice models, and 20 improvement in computing, the VOT literature has shifted to focus on individual behavior.
21
Small (1982) generalized from a review of many estimates that the average VOT for journeys to 22 work is about 50% of the gross wage rate. In most studies since then, VOT of commuters have for all non-work activities to using specific value for each activity. Activity-based estimates 13 promise to advance the value of VOT and associate it with longer distance commutes and 14 interregional travel. Often, a traveler's VOT varies depending on the type of trip that is being considered. For 10 example, when a trip is being made for the purpose of commuting to work, the value of time is 11 higher than a trip that is made for shopping or recreational purposes. The objective function for
12
Model-2 shown in Equation (7) incorporates this principle. The second term, ( ) represents 13 the cost of travel for toll value of and is weighted with VOT by income group i, and purpose p 14 ( ).
15
Model-3 builds on the income and purpose classified VOT in Model-2 but adds inverse 16 demand based highway assignment. Link (Model-1) and purpose differentiated pricing (Model-
17
2) provide a good understanding of shifting routes and modes (discussed later in the paper). are not elastic to the pricing strategy. Demand elasticity can be incorporated into the models by 
10
Alternatively, as the cost increases the willingness to travel decreases.
11
Measures of User Response to Pricing
12
We construct a two dimensional framework to analyze traveler response to congestion 
17
Price Elasticity of Demand
18
To analyze the likely travel behavior response to pricing mechanisms in the mega- probabilistic demand elasticity to road pricing.
12
We use the arc elasticity formula to model user response. Arc elasticity, using the 13 midpoint formula is simply:
where is the initial toll price on the set of city links, is the new price with the VMT purpose on a small network. Figure 1 illustrates the network which consists of a single origin 7 (node-1) and a single destination (node-2) on a standard Braess network. The network has a total 8 of four nodes and five one-way links. Table 4 provides a listing of the network characteristics.
9
The network is assigned a total 6,000 trips. Table 5 shows the VOT associated with each trip 10 purpose and the number of trips assigned to the example network for the three trip purposes in 11 the Base-case and three models.
12
<<Fig. 1 about here>>
13
A Base-case and three models were developed for the example problem. Each of the four 14 scenarios is described below. The results of the four scenarios are summarized in VOT. This relatively high toll is used to demonstrate the model response to changes in link cost.
3
In this case, the high cost of travel on link-4 makes travel on that link prohibitively expensive.
4
The toll increases travel cost from 20.01 to 37.71. The increase in cost is less than the toll plus cheaper so that more trips occur on this path. user's VOT is high, there is less elasticity between trip cost and the decision to make a trip.
23
When the VOT is low, a user is more likely to decide to stay home or take an alternative mode.
1
In the example problem, trip purpose has a lower VOT.
5
The reduction in trips overall has an impact on the route decisions of users. When few To demonstrate how highway users behave in response to priced links in locations with 4 unique characteristics, we further divided the Capital mega-region into six metropolitan areas.
These six metropolitan areas vary in terms of population, density, geographic scope, average 6 income and highway network complexity. The network and zone system of the six metropolitan 7 areas selected for analysis is shown in Figure 3 . The locations are arranged (from -a‖ to -f‖) in that VOT for commuting trips in each income category is twice (similar to the example problem) 10 the VOT for non-commuting trips.
11
Assignment Results and Elasticity
12
The Base-case scenario is used as a reference point to measure how users respond to road presented. However, it should be noted that the model produces outputs for all time periods.
16 Table 8 shows the number of commute trips without a VMT based toll and with VOT by income 17 class only. In the six selected cities there are a total of about 3.2 million vehicle trips on specific 18 interstates that will be subjected to congestion charging in the models. On these facilities in the continue to use the same path even when the link is priced. Other income groups have a VOT 10 high enough that the pricing of a road segment along a selected path does not significantly affect 11 the path selection process.
The results of our model have some implications on a mega-regional scale. Areas of 13 higher density tend have a higher elasticity of demand in terms of toll, with some exceptions. In Model-2 uses the same congestion charging system as in Model-1, but in this case both 9 income groups and trip purposes (commuter and non-commuter) have different values-of-time.
10
When commuters are faced with a toll, they tend to accept the toll rather than seek substitutes.
11
The combined elasticity for all six cites went from a range of .99 to .29 in Model-1 from each 12 income group a range of .95 to .17. Non-commuters in most cases were slightly more elastic to class appear to become more sensitive to tolls when the commuter trip purpose VOT increases.
18
This occurs because as lower income commuters become less elastic to pricing, road conditions 19 become worse. As traffic flow decreases higher income commuters seek out faster and cheaper 20 alternatives at a greater rate. This has an important implication for equity concerns over 21 congestion charging. While higher income groups to have a lower elasticity to pricing, when all 22 commuters face the same toll, the disparity of travel costs between income groups shrinks, 1 reducing the differential impact of tolls on each income group.
2
Model-3 is formulated in the same way that model-2 is constructed but models variable 3 demand rather than static demand. In the previous models, users were sensitive to trip cost only 4 in selecting a route. In Model-3 users are sensitive to price not only when selecting a route, but 5 also when deciding whether or not to take a trip and by which mode. The results show the 6 somewhat paradoxical effect of user decision making under variable demand conditions (cells 7 shaded in gray). For higher income commuters the elasticity of demand for tolled roads appear to 8 mimic a Giffen good, that is, when the toll cost of the facility increases, the demand for travel on 9 the facility for higher income groups, increases. This is an example of the complexity of the Table 10 provides that cross-elasticity of demand for non-tolled alternatives. These 17 elasticities represent the demand for non-interstate facilities in each of the six cities when a toll is 18 initiated on the interstates. As expected, since the elasticity of demand in most areas is below 19 one, the substitution of interstate routes is low as well. In Wilmington, one of the two most 20 remote cities, the substitution effect is high for the lower income group but is roughly the 21 average for all other income groups. This indicates that many of the other routes within
22
Wilmington that offer a substitute are substantially time consuming. In most other cases, there is 1 a lack of quality substitutes for interstate travel. As a result, planners in a mega-regional context 2 will likely not have to worry about local roads congesting if a moderate VMT based toll is 3 instituted on interstates.
4
The cross elasticities for Model-2 behave as expected. In Wilmington commuters still 5 seek out local road to avoid toll charges as is the case with Alexandria where there is a pre-6 existing toll. Non-commuters do not appear to seek out alternatives, rather they avoid the area 7 altogether. The Giffen effect is preserved in Model-3 even for non-tolled alternatives. Some 8 users find the time-cost of travel on non-interstates too high and select not to make a trip. This 9 in-turn makes travel on these routes relatively more attractive so higher income users travel on 10 these roads. and a 62% reduction on CLM. Finally, Model-3 has the largest impact on network conditions.
18
When interstates in the six cities are tolled and user response is modeled with variable demand,
19
there is a 39% reduction on VMT, a 46% reduction in VHT and an 86% reduction in CLM. 
Synthesis of Results
1
The results of the Base-case and three models show that users are not as elastic to price as 2 one would assume, however users in different income groups and travelling for different 3 purposes widely vary in response. This is partly due to the lack of available substitutes for between tolled interstates and non-tolled alternatives, there seems to be very little substitution.
13
Modeling the unique effects of tolls in different sized cities in the context of a mega-region 14 provides new insight on how road users in different metropolitan areas are likely to respond to 15 tolls and how a large mega-regional network is impacted by toll policy
16
The results of the models show that in non-purpose differentiated VOT models, users in 17 the lowest income categories are the only group that are elastic to changes in road pricing. Lower 
Model-2 ∑ ∫ ( )
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FIGURE 1: EXAMPLE OF A SIMPLE NETWORK
